H2O megamasers: Accretion disks, jet interaction, outflows 
or massive star formation? 
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Abstract. 

The 25 years following the serendipitous discovery of megamasers have seen 
tremendous progress in the study of luminous extragalactic H2O emission. Single- 
dish monitoring and high resolution interferometry have been used to identify sites 
of massive star formation, to study the interaction of nuclear jets with dense molec- 
ular gas and to investigate the circumnuclear environment of active galactic nuclei 
(AGN). Accretion disks with radii of 0.1-3 pc were mapped and masses of nuclear 
engines of order 10 6 -10 8 Mq were determined. So far, ~50 extragalactic H2O maser 
sources have been detected, but few have been studied in detail. 
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1. Introduction 



To date, maser lines of five molecular species, those of CH, OH, H2O, 
SiO, and H2CO, have been detected in extragalactic space. While the 
number of observed OH masers, ~100, is largest, the greatest emphasis 
of astrophysical research is focused on H2O. This is a consequence of 
the fact that the 6i6~523 line of interstellar water vapor at 22.235 GHz 
(A~1.3cm), first detected towards Orion-KL, SgrB2 and W49 (Che- 
ung et al., 1969) and, outside the Galaxy, towards the nearby spiral 
M33 (Churchwell et al., 1977), can be efficiently used to pinpoint sites 
of massive star formation and to elucidate the properties of active 
galactic nuclei (AGN). The line traces dense (n(H2)^10 7 cm~ 3 ) warm 
(?kin^400K) molecular gas. Characteristic properties are enormous 
brightness temperatures (~10 12 K has been measured), small sizes of in- 
dividual hotspots (SSlO 14 cm in galactic sources) and narrow linewidths 
(typically a few kms -1 ) that make these masers to ideal probes of the 
structure and dynamics of the gas in which they reside. Because the 
apparent isotropic luminosity of these masers can be truly outstand- 
ing, reaching 10 3 ~ 4 L (up to 10 53 photons/s) in the most extreme 
cases, H2O masers can be observed out to fairly large distances (up to 
cz~17700kms- 1 ; Tarchi et al., 2003). 



2. Kilomasers related to star formation 



In the Galaxy, H2O masers from star forming regions have isotropic lu- 
minosities of order Lh 2 o ^ 10 -2 L Q , with the notable exception of W49 
(Lh 2 o ~ 1 L ). The more luminous of these sources consist of a number 
of hotspots (see Brand et al., this volume). In nearby galaxies, masers 
with similar luminosities, the so-called kilomasers, are also found with 
luminosities up to a few L Q . Such masers are important to pinpoint 
sites of massive star formation (e.g. Tarchi et al., 2002) and to estimate 
distances on a purely geometric basis, comparing radial velocity and 
proper motion dispersions in groups of maser spots (Greenhill et al., 
1993; Argon et al., 2004). Making use of known rotational properties, 
proper motions can also be used to determine three dimensional velocity 
vectors of entire galaxies (e.g. Brunthaler et al., 2002), thus providing 
information on the content and distribution of mass inside the Local 
Group. 
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Figure 1. Overview of the NGC4258 system: a) Typical spectrum, b) VLB A (Very 
Long Baseline Array) map, c) velocity versus impact parameter with Keplerian 
rotation curve fit, and d) warped disk with VLBA map (from Bragg et al. 2000). 



3. Accretion disk megamasers 



Megamasers, with Lh 2 o^2OL<0, were first observed towards NGC4945 
(Dos Santos and Lepine, 1979) and then in NGC 1068, NGC3079, 
NGC 4258 and the Circinus galaxy (Gardner and Whiteoak, 1982; Claussen 
et al, 1984; Henkel et al., 1984; Haschick and Baan, 1985). Two of 
these masers, those of NGC 1068 and NGC 4258, were soon found to be 
located in the innermost few parsecs of their parent galaxies (Claussen 
and Lo, 1986). Selection criteria to find more such masers as well as 
an interpretation of the molecular line emission in terms of properties 
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Figure 2. The Keplerian disk of NGC 4258 seen from above. The normalized optical 
depth along various lines of sight is shown for the plane of the disk, where b is 
the impact parameter. The shaded areas denote lines-of-sight with detected maser 
emission, n and r are the inner and outer radii of the masing disk, s marks the 
distance from its midline (from Greenhill et al. 1995a). 



characterizing the nuclear environment of AGN remained, however, 
elusive for a full decade. A large survey including ~360 Seyfert and 
LINER galaxies (Braatz et al., 1996) finally led to the identification of 
another 10 megamasers, thus tripling the number of known sources and 
permitting, for the first time, a statistical analysis. All of these masers 
were found to be associated with Seyfert 2 or LINER nuclei (Braatz 
et al., 1997). Adopting the so-called unified scheme in which Seyfert Is 
and 2s are identical except for angle of view, H2O megamaser activity 
then is related to the large line-of-sight column densities expected when 
the nuclear tori are viewed edge-on. At least some LINER galaxies also 
contain large column densities of warm dense molecular gas as well as 
an AGN. 

More detailed studies of the megamaser in NGC 4258 not only con- 
firmed the presence of >10 systemic velocity features at a given time 
but also led to the detection of two additional H2O velocity compo- 
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nents, ±1000 km s -1 off the systemic velocity (Nakai et al., 1993). The 
systemic features show a secular drift, with radial velocities increasing 
by dT4/dt~10kms _1 yr^ 1 (Haschick and Baan, 1990; Haschick et al., 
1994; Greenhill et al., 1995a; Nakai et al., 1995). Very Long Baseline 
Interferometry (VLBI) reveals the presence of a warped edge-on Ke- 
plerian disk of ~0.5pc diameter (Greenhill et al., 1995b; Miyoshi et 
al., 1995; Herrnstein et al., 1998a, Herrnstein et al., 1999), as shown in 
Fig. 1. Its geometry reflects the velocity coherence of the differentially 
rotating gas along the lines-of-sight towards its front side, its back 
side and its tangentially viewed regions (Fig. 2) as well as possible 
amplification of the radio continuum of the northern jet by the systemic 
features. 

The positive velocity drift of the systemic component is readily 
explained by centripetal acceleration, implying that the features arise 
from the front and not from the back side of the masing disk (the 
latter would result in a negative drift). The 'high velocity features' 
originate from those parts of the disk seen tangentially. Applying the 
virial theorem yields 
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with M core being the mass enclosed by the Keplerian disk, V rot denoting 
its rotational velocity at angular radius R, and D representing the 
distance to the galaxy. The VLBI maps allow us to directly measure 
and R for various values of R. From the Keplerian rotation curve 
we then obtain 
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In addition, the observed E-W velocity gradient of the systemic features 
(Fig. lc) provides 



rot 



R 



kms 1 

d/C 2 = R 3/2 then gives the angular radius R s of the systemic features 
as viewed from a direction in the plane of the disk, but perpendicular 
to the line-of-sight. The result, i? s ~4.1mas, implies that the features 
are localized toward the inner edge of the disk. The distance to the 
disk, needed to estimate M core in Eq. (1), is determined by measuring 
the centripetal acceleration 



dV s /dt 



^rot,s 



g.SiO.Skms^yr" 



(4) 



With dV s /dt and the rotational velocity of the systemic compo- 

nents known, the linear scale r s can be compared with the angular 
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Figure 3. 22 GHz H 2 spectrum of Mrk 1419 (NGC2960), taken with the 100-m 
telescope at Effelsberg (from Henkel et al. 2002) and showing the characteristic 
systemic (center), red- and blue-shifted groups of maser features. 



scale, R s , providing a measure of the distance. The proper motion of 
the individual systemic maser spots, 31.5±1.0 /xasyr -1 , allows, with 
Kot,s being known, a check of this distance estimate. The results of the 
two' methods agree. L>=7.2±0.5 Mpc and M corc = (3.9±0.3) x 10 7 M 
within 0.14 pc (Herrnstein et al., 1999). 

So far, all H2O megamasers studied interferometrically arise from 
the innermost parsecs of their parent galaxy and all appear to be as- 
sociated with AGN. Searching for NGC 4258-like targets showing three 
groups of H2O features, one systemic, one red- and one blue-shifted, has 
become the Holy Grail of recent maser surveys. Such a configuration 
requires not only the presence of very dense molecular gas, but also a 
suitable viewpoint, with the nuclear disk seen almost edge-on. There- 
fore such sources are rarely found. Nevertheless, the number of detected 
sources falling into this category is steadily rising (see e.g. Fig. 3). Most 
notable are IC2560 (2900 km s -1 ; Ishihara et al., 2001) and Mrk 1419 
(4900 km s -1 ; Henkel et al., 2002). Very recently, four additional sources 
were identified, one at 7900 km s -1 (Braatz et al., 2004) and three at 
>10000kms _1 (Greenhill et al., in preparation). Assuming that the 
model valid for NGC 4258 is generally applicable, single dish observa- 
tions determining the drift of the systemic components (dV s /dt) and the 
velocity offsets to the non-systemic components (V ro t) are sufficient for 
a rough estimate of the enclosed mass and linear scale of the disk. Thus 
it is possible to estimate angular scales of order 1 mas observing with 
resolutions of 35-40". So far, all measured centripetal accelerations are 
positive. The most plausible explanations are obscuration of the back 
side, perhaps by free-free absorption, and a lack of background radio 
continuum emission that could be amplified. 
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Maser dynamical masses (M core ) for a large sample of galaxies have 
the potential to establish the slope of the M core -a relation and its 
intrinsic scatter (e.g. Ferrarese and Merritt, 2000), with uncertainties 
being dominated by the stellar velocity dispersion a. Observing the 
three dimensional structure of a sample of accretion disks may pro- 
vide strong constraints on heating (possibly irradiation by the nuclear 
X-ray source) and warping mechanisms (radiative torques have been 
proposed) and on the stability of these structures (e.g. Neufeld and 
Maloney, 1995). The thickness of the respective accretion disk is an- 
other important parameter (e.g. Moran et al., 1999), being crucial to 
calculations of accretion rate and identification of accretion modes (e.g. 
advective, convective, viscous). Determining the mass of the nuclear 
source, its distance, Eddington luminosity and accretion efficiency, the 
rate and mode of the nuclear accretion flow, the size and geometry of 
the nuclear disk or torus, the parent galaxy's deviation from the Hubble 
flow and calibrations of optical or near infrared indicators of distance 
with geometrically obtained values (see e.g. Eqs. 1-4) are all attractive 
goals. 

In addition to the sources introduced above, there are a large number 
of targets exhibiting somewhat less regular spectra. These may either 
arise from tori that are unstable to fragmentation and star formation or 
from sources that combine an edge-on nuclear accretion disk with maser 
components of different nature that will be discussed below. Within this 
context, the most thoroughly studied sources are NGC 1068, NGC 3079 
and the Circinus galaxy (Gallimore et al., 1996; Greenhill et al., 1996, 
Greenhill et al., 1997, Trotter et al., 1998; Hagiwara et al., 2002; Green- 
hill et al., 2003; Kondratko et al., 2004). 



4. Jet megamasers 

There are also sources in which at least a part of the H2O emission 
is believed to be the result of an interaction between the nuclear ra- 
dio jet and an encroaching molecular cloud. The first such source was 
NGC 1068, where not only the three groups of H2O components from 
the accretion disk are seen (Greenhill et al., 1996), but where a fourth 
component is also detected. This originates from a region 0'.'3 (~30pc) 
downstream, where the radio jet bends (Gallimore et al., 1996; Gal- 
limore et al., 2001). To maximize detection rates of jet-maser sources, 
galaxies should be selected that either show evidence for interaction 
between the radio jet and clouds in the narrow line region or that show 
a face-on (z<35°) large scale galaxy disk and extended (up to 100 pc) 
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Figure 4. VLBA 22 GHz continuum and H 2 spectra towards Mrk348 (NGC262; 
see Peck et al. 2003). H2O emission is only detected towards the northern jet. 



radio structures, indicating that both the disk and the radio jet are 
fairly close to the plane of the sky. 

Toward the elliptical galaxy NGC 1052 the H2O maser features are 
located along the line-of-sight to the south-western nuclear jet (Claussen 
et al., 1998). In Mrk348, a spiral galaxy with a particularly strong 
nuclear radio component, the megamaser appears to be associated with 
the northern jet (see Fig. 4; Peck et al., 2003). The intensity of the 
line emission is correlated with the continuum flux. The high linewidth 
(~130kms~ 1 ) on small spatial scales (<0.25pc) and the rapid variabil- 
ity indicate that the H2O emission is more likely to arise from a shocked 
region at the interface between the energetic jet and the ambient molec- 
ular gas than as a result of amplification of the continuum jet by 
molecular clouds along the line-of-sight. The line emission, red-shifted 
by 130 km s -1 with respect to the systemic velocity, may arise from 
gas being entrained by the receding jet. The close temporal correlation 
between the flaring activity of the maser and the continuum further 
suggests that the H2O and continuum hotspots are nearly equidistant 
from the central engine and may be different manifestations of the same 
event. 
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5. New developments 

Recently, optically detected large scale outflows were proposed to in- 
duce shocks that might trigger H2O megamaser emission (Schulz and 
Henkel, 2003). Independently, it was found that in the Circinus galaxy 
the H2O megamaser does not only trace a circumnuclear disk, but that 
there are also features associated with a wide angle outflow (Greenhill 
et al., 2003). H2O maser emission traces this outflow out to 1 pc from 
the central engine with line-of-sight velocities up to ±160 km s -1 w.r.t. 
systemic. The outflowing wind is observed in those regions around the 
circumnuclear disk that are not shadowed by its warp. The position 
angles of the edges of the outflow correspond to those of the outflow 
and ionization cones observed at radio and optical wavelengths on much 
larger scales (Veilleux and Bland-Hawthorn, 1997; Curran et al., 1999). 
Thus in addition to accretion disk and jet megamasers, strong maser 
emission can also be associated with large scale nuclear outflows. Yet 
another kind of H2O megamaser might be associated with massive 
star formation. So far there is not yet a confirmed source. Towards 
Arp299, an interacting pair of galaxies, luminous H2O megamaser 
emission was detected that might be associated with star formation in 
the overlapping region between its main members NGC 3690 and IC 694 
(Peck et al., 2004). This possibility has, however, to be confirmed by 
interferometric measurements. 

As suggested by Sect. 2, most H2O kilomasers are associated with 
star formation. There are, however, exceptions. Towards M51, the kilo- 
maser was found to coincide with the nucleus within 250 mas (~10pc; 
Hagiwara et al., 2001). A similarly good coincidence, within 1" (<~12 pc), 
was also found for the main maser component in the starburst galaxy 
NGC 253 (Henkel et al., 2004). The nature of these sources that are 
too weak to be seen at distances well in excess of 10 Mpc is still under 
discussion. 

Almost a decade ago, all H2O megamasers were found to be as- 
sociated with Seyfert 2 and LINER galaxies (Braatz et al., 1997). In 
the meantime, however, with a much larger number of detections, the 
situation has become more complex. While megamasers are detected 
in optically 'normal' galaxies (Greenhill et al., 2002), a particularly lu- 
minous megamaser was recently found in the FRII radio galaxy 3C 403 
(Tarchi et al., 2003). Another megamaser host, NGC 5506, was identi- 
fied as a Narrow Line Seyfert 1 (Nagar et al., 2002). The detection of 
a nuclear kilomaser in a second such galaxy, NGC 4051 (Hagiwara et 
al., 2003), was interpreted in terms of a relatively low inclination of the 
nuclear disk or torus w.r.t Seyfert 2 galaxies, thus yielding relatively 
low column densities for coherent amplification. Even more recently, 
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H2O was detected in the prototypical Seyfert 1 NGC4151 (Braatz et 
al., 2004). It is still too early for a detailed interpretation, but it is clear 
that these detections will be essential for a better understanding of the 
unifying scheme differentiating between type 1 and type 2 AGN. 

Is there a way to predict the presence of H2O megamasers by obser- 
vations at other wavelengths? This question was recently discussed for 
the prototypical sources NGC 1068, NGC 3079 and NGC 4258 (Bennert 
et al., 2004). All three galaxies exhibit a spatially compact (^1") near 
infrared core containing dust clouds that are heated by the central 
engine. This appears to be the main hint for the potential presence 
of accretion disk masers, but these cores are more difficult to detect 
than the masers themselves. Tracers for jet masers at optical and near 
infrared wavelengths are spectral lines that are split into two velocity 
components. 



6. Future propects 

Though the sensitivity of existing facilities can be slightly enhanced, 
order(s) of magnitude improvements will only be possible with the 
Square Kilometer Array (SKA), complemented by space interferometry 
to combine optimal sensitivity with optimal angular resolution. The 
22 GHz line of water vapor bears the prospect to reveal the magnetic 
field strength through its Zeeman pattern. A measurement towards 
NGC 4258 yielded a la upper limit of 300 mG for the toroidal compo- 
nent (Herrnstein et al., 1998b). Probably only the SKA will provide 
the sensitivity to determine the magnetic field in the circumnuclear 
environment of active galaxies. The same may hold for searches of H2O 
megamasers at cosmological redshifts. On the other hand, accounting 
for the statistical properties of detected maser sources, it appears that 
existing facilities have the potential to drastically enlarge the number 
of known luminous sources of H2O emission. So far, possibly only a 
small percentage of the detectable megamasers have been found (Peck 
et al., 2004). 
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